Abstract: Homogeneous co-precipitation and hydrothermal treatment were used to prepare nano-and highly dispersed NiO/YSZ (yttria-stabilized zirconia) composite powders. Composite powders of size less than 100 nm were successfully prepared. This process did not require separate sintering of the YSZ and NiO to be used as the raw materials for solid oxide fuel cells. The performance of a cell fabricated using the new powders (max. power density ∼0.87 W/cm 2 ) was higher than that of a cell fabricated using conventional powders (max. power density ∼0.73 W/cm 2 ). Co-precipitation and hydrothermal treatment proved to be very effective processes for reducing cell production costs as well as improving cell performance.
Introduction
Solid oxide fuel cells (SOFCs) are emerging electrochemical energy conversion devices, applicable to small systems of a few watts up to megawatt-sized power plants, with high efficiency and low emissions of pollutants. The SOFC system is generally operated at a temperature between 700 and 800℃. Planar SOFCs are generally classified based on three types of structures, i.e., anode supported, cathode supported, and electrolyte supported. Among these cell structures, anode-supported cells are now recognized as the most desirable in terms of mechanical strength and cell performance. Figure 1 shows a schematic diagram of an anode-supported SOFC. As shown in Fig. 1 , the anode support acts as the mechanical layer of the SOFC and the anode acts as the electrochemical reaction layer.
The most important factor in improving the cell performance is therefore controlling the microstructure of the anode. The microstructure of the anode affects gas transport as well as the electrochemical reactions. For these reasons, considerable effort has been made to control the anode microstructure precisely. A fine anode structure with a uniform arrangement of Ni, YSZ (yttria-stabilized zirconia), and a porous phase is known to increase the electrochemical reactivity as well as the connectivity of the porous electrode. It is widely accepted that the preparation of NiO/YSZ composite powders is an effective way of generating better anode microstructures [1] [2] [3] . Various preparation methods such as spray pyrolysis, mechanical milling, and gel combustion have been studied for producing composite powders [4] [5] [6] [7] [8] [9] [10] . However, these processes have the disadvantage of high production costs. In this study, we prepared NiO/YSZ composites using homogeneous co-precipitation and hydrothermal treatment. This process for the preparation of NiO/YSZ composites is low cost because no sintering process is required. Also, the powders prepared using this process are expected to improve the cell performance because they can generate well-organized TPB (three phase boundary) as well as giving effective connectivity of the Ni. In comparison with the previous study by Sato et al. [4] , we tried two kinds of precipitator, NH 3 and NaOH to investigate their effects on microstructures of NiO/YSZ powder. In addition, we fabricated anode supported cells (the most practical type for commercialization) utilizing our NiO/YSZ nano-composite powder as an anode functional layer, and showed its superior electrochemical properties with measuring I-V characteristics as well as impedance spectra.
Experimental

Co-precipitation with various precipitators
To select the best the precipitator, several precipitation tests were conducted. Zirconyl oxychloride octahydrate (ZrOCl 2 ·8H 2 O), yttrium chloride hexahydrate (YCl 3 ·6H 2 O), and nickel chloride hexahydrate (NiCl 2 ·6H 2 O) were used as starting materials. These were dissolved in deionized water to prepare source solutions with total cation concentrations of 0.02 M. The source solution was precipitated with various precipitators, i.e., sodium hydroxide (NaOH), ammonia (NH 3 ), urea ((NH 2 ) 2 CO, and ammonium bicarbonate (NH 4 HCO 3 ). The precipitation was conducted at pH=5.0-10.0. After precipitation was complete, the supernatant was analyzed using inductively coupled plasma (ICP) spectroscopy to measure the concentration of unreacted metal ions.
Preparation of NiO/YSZ composite by NH 3 precipitation
The effect of NH 3 on the preparation of NiO/YSZ was investigated to understand the metal hydroxide precipitation mechanism. Using NH 3 as the precipitator has the advantage that a delicate cleaning process is not required. This is because NH 3 is decomposed into N 2 and H 2 O during calcinations. Similar to the co-precipitation test, total cation concentration of source solution was 0.02 M. The NH 3 solution was added dropwise to the concentrated source solution to induce precipitation. The precipitation was conducted at pH=2.0-10.0. The solution containing the precipitate was hydrothermally treated for 72 h at 180℃.
Preparation of NiO/YSZ composite by NaOH precipitation
To overcome the problems caused by the NH 3 precipitator, such as difficulties in controlling the pH and adjusting the concentration, NaOH was used as the precipitator. This has the disadvantage that a delicate cleaning process is required. As in the co-precipitation tests, the concentration of cations in the source solution was 0.02 M. The source solution was added to a 0.5 M NaOH solution to induce precipitation. The precipitation was conducted at pH=7.5-10.0. The solution after precipitation was hydrothermally treated for 48 h at 130℃.
SOFC fabrication and testing
The powders prepared in this study were tested as the anode materials in SOFCs. To achieve this goal, SOFCs were fabricated using two different anode powders. One powder was a conventional anode powder fabricated from NiO (J. T. Baker, UK) and YSZ (TZ-8Y, Tosho, Japan), and the other was a composite powder synthesized by the present process. The only difference between the two cells was the powder morphologies. The anode-supported electrolyte was fabricated using a tape-casting and co-firing process. More detailed information on the fabrication process is available in the literature [11, 12] . After fabrication of the anode-supported electrolyte, a La-Sr-Co-Fe-O 3 cathode was screen printed on the electrolyte layer at a thickness of about 50 µm; it was then fired at 1040℃ for 3 h. The current-voltage characteristics (I-V curve) and impedance spectra were measured using a Solartron 1260/1287 electrochemical system (AC and DC) in order to compare the electrochemical performances of the cells. These measurements were conducted at 750℃ with fuel gas in 300 sccm of 97% H 2 -3% H 2 O and oxidant gas in 1000 sccm of air. The impedance measurements were conducted in the frequency range ∼0.1-100 kHz with a signal amplitude of 100 mV under opencircuit conditions. A detailed description of the celltesting procedure and method can be found elsewhere [13] .
Results and Discussion
Selection of precipitator Table 1 shows the degree of precipitation of the metal hydroxides (yield) obtained with different precipitators. As shown in Table 1 , Zr(OH) 4 was generated in high yield, irrespective of the precipitator. However, the yield of Ni(OH) 2 was highly affected by the type of precipitator. It can be seen that NaOH and NH 3 generated metal hydroxides effectively, with high yields of over 90%. These precipitators were therefore selected for the preparation of the NiO/YSZ composites; the results are discussed in detail later. 
Yield: ⊚: 99%; : over 90%; ∆: over 70%; X: less than 50%.
Preparation of NiO/YSZ with NH 3 precipitator
The advantage of NH 3 as the precipitator is that a delicate cleaning process is not required. As shown in Table 1 , NH 3 was verified to be a good precipitator of Ni(OH) 2 and Zr(OH) 4 , giving high yields of metal hydroxides. Two influencing parameters, i.e., pH and concentration, were controlled in this study. Figure 2 shows the results of ICP analysis and the effect of pH on the yields of Y 3+ , Zr 4+ , and Ni 2+ in the generation of NiO/YSZ composites. It was measured by analyzing the supernatant of the product solution after the hydrothermal treatment. As shown in Fig. 2 , YSZ was generated above pH=5 because the reaction extents of Y 3+ and Zr 4+ were close to 100% above this pH value. However, it was not possible to obtain complete reaction of Ni 2+ at all pH values. The maximum reaction extent (∼95%) was obtained only at pH=8.5. Above and below this pH value, the reaction extent decreased rapidly. Figure 2 also indicates that the precursor concentration affects the reaction extent. The extent of the reaction of Ni 2+ decreased, as shown in Fig. 2 , when a solution of high-concentration, e.g., 0.05 M, was used. The reaction extent decreased with increasing concentration of source solution. The above findings show that the yield is affected by both factors, i.e., solution pH and concentration. We therefore analyzed the competitive balances based on the solution chemistry. Deng ions [14] . Equation (1) shows the calculated equilibrium constant based on their study. This indicates that Ni(OH) 2 can form complexes with excess free NH 3 . They also showed that the complexing acid/alkali competition balance can be expressed as follows [2] ,
Ni(OH)
The equilibrium constant in equation (2) is quite large. The solubility of Ni(OH) 2 is therefore greatly influenced by the presence of NH + 4 . This also indicates that complete conversion of Ni 2+ into Ni(OH) 2 is impossible. Figure 3 shows the competitive balances of Ni 2+ +NH 3 H 2 O based on the study by Deng et al. [14] . From the diagram, it can be seen that the region in which Ni(OH) 2 exists, i.e., region I, is very narrow (from pH 7.6∼8.1 for 0.02 M Ni 2+ solution). Furthermore, this region becomes narrower with increasing Ni 2+ concentration. The competitive balance could explain why the maximum yield was obtained at pH=8.5 and the reaction decreased with increasing Ni 2+ concentration, as shown in Fig. 2 . The above investigation shows that the preparation of NiO/YSZ using NH 3 is unsatisfactory. To use both region I and region II in Fig. 3 , the precipitator should not contain NH 3 -based ions. NaOH was therefore used as the precipitator; this will be discussed in the next section. Figure 4 shows scanning electron microscopy (SEM) images of NiO/YSZ composites prepared at pH=8.5 with NH 3 as the precipitator. As shown in Fig. 4 , two types of particle are observed: very large particles and very small particles. The large particles were several microns in size and globular. In contrast, the small particles were of size about 20 nm. To understand the powder compositions, EDS analysis was conducted. It showed that the large particles were mainly composed of NiO, and small particles of YSZ. Deng et al. studied the effect of the zeta potential on NiO size. They found that the agglomerate size is the biggest near the iso-electric point of NiO. This value is located close to pH=10.59. In our results, the powder sizes obtained by SEM analysis were several microns in size, irrespective of the pH value, and they are too large to determine the effect of surface charge. However, we found that the powder obtained near pH=10 was easier to filter than the powders obtained at other pH values during the cleaning process. This may indicate that the particle sizes are affected by the surface charges of the particles. This indirectly implies that the sizes of the particles can be optimized by the preparation procedure.
Preparation of NiO/YSZ nanocomposites
The above results verified that NH 3 was not an effective precipitator for obtaining high yields of metal hydroxides. They also showed that complete precipitation of Ni(OH) 2 was not possible because of competitive balances. A different precipitator, NaOH, was therefore used. Sato et al. studied NaOH as a precipitator in the preparation of NiO/YSZ composites [4] . Their analysis suggested that it is possible to precipitate all the metal hydroxide over a broad pH range. Figure 5 shows the microstructures of NiO/YSZ composite particles prepared using NaOH as the precipitator. Figure 5 shows that a NiO/YSZ composite of size less than 200 nm was successfully prepared, irrespective of the solution pH. Also, it is expected that smaller nanoparticles can be obtained at high pH values such as pH=13 because NiO has a high negative zeta potential at that point. Sato et al. suggested that high pH values affect the preparation of NiO/YSZ as follows [4] . 1. The precipitate size decreases, because the number density of nuclei increases.
2. The differences among hydroxide precipitation extents decrease.
3. Ostwald ripening is suppressed because a higher pH can stabilize finer precipitates and prevent dissolution.
Finer hydroxide phases with a more uniform distribution can therefore be obtained at pH=13 than at lower pH values. Uniformly distributed NiO and YSZ phases suppress grain growth of each other during the subsequent calcination step, resulting in successful synthesis of nanosized NiO (∼50 nm)/YSZ (∼5 nm) composite particles. Figure 6 shows the current-voltage characteristics (I − V curves) of button cells fabricated using commercial NiO/YSZ composite powder and a nano-YSZ/NiO composite powder prepared using our new method. The new powder showed a better electrochemical performance than the conventional powder. The maximum power density of the cell fabricated using the new powders was ∼0.87 W/cm 2 while that of a cell fabricated using conventional powders was ∼0.73 W/cm 2 . This may be caused by increased TPBs as a result of the homogeneous and nanosized NiO/YSZ composite anode. Figure 7 compares the impedance spectra between cells with nanocomposite anode and conventional anode; the first semi-circle (corresponding to frequency range 10∼10 kHz) significantly decreased in the case of nanocomposite anode. One of the authors in the present work found that this impedance frequency range also responds to the changes of anode composition [15] . Thus, it can be said that the first semi-circle is dominated by activation polarization of anode and the improved electrochemical performance in Fig. 7 is mainly attributed to a reduction in the activation polarization resistance of the anode. Also, a slight decrease in ohmic resistance (the high frequency intercept of the impedance spectra on the real axis) is due to the well-structured connectivity of the NiO/YSZ in the anode layer. The results show that the present process is very effective and promising for the preparation of nanodispersed NiO/YSZ powders, and, eventually, high-performance SOFCs.
Electrochemical testing
Conclusion
We successfully synthesized nanosized NiO/YSZ composite powders via co-precipitation and hydrothermal treatment. A basic study of NiO/YSZ powder preparation was conducted using different precipitators. A general hydrothermal method using NH 3 as the precipitator was not suitable for NiO/YSZ composite production because of the competitive balance of Ni 2+ with NH 3 . Agglomeration of the NiO powders was mainly affected by the iso-electric point of NiO. This can be controlled by changing the pH and the precipitation procedure. A different precipitator, NaOH, was used, and the synthesized NiO/YSZ composites had particles sizes of ∼50 nm. Electrochemical testing of a cell fabricated form powders produced using the present process showed that the cell performance was much better than that of a cell produced from conventional powders. This may be caused by an increment in the TPB length and well-structured connectivity of the NiO/YSZ in the anode layer.
